We improve the resolution of subsurface P-wave velocity tomograms with Fresnel Volume Tomography and Wavepath Eikonal Traveltime inversion, by iteratively decreasing the wavepath width. We use the SAGEEP 2011 blind refraction synthetic traveltime data to compare our tomograms with the known true model. We compare weighting of the wavepath velocity update with a Ricker wavelet vs. weighting with a Gaussian bell function. Plotting Plus-Minus refractors obtained with layerbased interpretation on the 2D velocity tomogram better visualizes both methods. Tomograms from an iterative approach of wavepath adjustment show improvement over the standard ray-based method.
Introduction

Wavepath Eikonal Traveltime inversion
Wavepath Eikonal Traveltime (WET) inversion (Schuster and Quintus-Bosz, 1993; Sheehan et al., 2005; Rohdewald et al., 2010; Rohdewald, 2011) uses the Fresnel volume approach (Watanabe et al., 1999) to model propagation of first-break energy in a physically realistic way. Ray-tracing methods assume that the frequency of the source signal is infinite and model wave propagation along "thin rays". WET partially accounts for band-limited finite source frequency and shadow effects (including diffraction and scattering) in the data (Schuster and Quintus-Bosz, 1993) . WET uses wavepaths aka Fresnel volumes, "fat rays" or physical rays (Červený and Soares, 1992) ; (Hagedoorn, 1959) .
As shown with synthetic data for known models (Sheehan et al., 2005; Rohdewald, 2009; Jansen, 2010; Kotyrba and Schmidt, 2014) , refraction tomography and WET (with 1D starting model) work well in many situations where conventional layer-based refraction methods fail. Layer-based interpretation has problems with imaging faults, outcrops, pinch-outs and other velocity anomalies that violate the assumption of laterally continuous layers. Refraction tomography blurs sharp velocity contrasts and images them with gradients (Zelt et al., 2013) .
Finite frequency effects and the resolution limit of one wavelength can explain WET blurring (Watanabe et al., 1999) . The wavepaths act as low-pass or anti-alias filters to the spatial frequency content in the WET tomogram. This filtering is physically consistent with the source wavelet's finite bandwidth (Schuster and Quintus-Bosz, 1993 ).
Iterative refinement with multiple WET runs
For tomograms shown in Figure 1 , start with wavepaths that are 30% of one period at 50 Hz i.e. 6 ms wide. The maximum modeled delay from the fastest ray is 6 ms. Run one WET inversion with 100 WET iterations (Figure 1(b) ) using the 1D-gradient starting model obtained with default Smooth inversion (Figure 1(a) ). We weight wavepath velocity updates with a Ricker wavelet. Now iteratively decrease the wavepath width to 15%, 10%, 7%, 5%, 4%, 3% and 2%. Take the tomogram obtained with the previous WET run as the starting model for the next WET inversion (Figure 1 ). We show subsurface coverage with WET wavepaths in Figure 3 . Higher coverage means a more reliable analysis for that subsurface region in Figure 1 . See our tutorial (Rohdewald, 2013) for step-by-step instructions and more figures.
Each of above eight WET runs takes 20 minutes with 100 WET iterations per run over 10,100 traces. Our WET tomography on a 2011 MacBook Air uses four threads and four CPU cores in parallel.
In Figure 2 we show the same processing as just described for Figure 1 , with the only difference that we weight the wavepath velocity updates with a Gaussian function instead of a Ricker wavelet. We also plot Plus-Minus refractors obtained with different parameters.
Plus-Minus refraction method
In Figure 4 and Figure 5 , we estimate refractors with layer-based Plus-Minus refraction analysis (Hagedoorn, 1959) of the same traveltime data. We plot these refractors on the WET tomograms ( Figure 1 and Figure 2 ).
We map first breaks to refractors interactively and semi-automatically by specifying a 1D layered velocity model and smoothing parameters. Sort first breaks by Common Mid-Point (CMP) vs. source-receiver offset, to obtain a quasi-continuous traveltime field suitable for reliable mapping of traces to refractors (Rohdewald, 2012 In Figure 4 and 5, we match the apparent velocity at trace-specific source-receiver offset to our 1D layered velocity model to determine the refractor for each trace (Rohdewald, 2013) . In Figure 5 we increase the upper limits for layer velocity to image the refractors more deeply and better match the WET tomograms in Figure 2 than in Figure 1 . We increase the CMP stack width for a laterally smoother traveltime field than in Figure 4 . We also increase lateral smoothing of the crossover distance in Figure 5 (Rohdewald, 2013) .
Discussion
Wide wavepaths (low frequency) make WET inversion less dependent on the starting model and more robust but produce a smooth tomogram (Figure 1(b), 3(a) ). Narrow wavepaths can give a sharper tomogram, but WET becomes more dependent on the starting model (previous run) and less robust. WET images the dipping low-velocity fault zone (Zelt et al., 2013) more realistically with decreasing wavepath width (Figure 1(b) through (e), Figure 2 (b) through (e)). Contours for velocity 2,500 m/s and higher velocities become more parallel to the fault zone, which dips down to the right (towards offset 250m at an elevation of -80m). Thin wavepaths make WET tomography more prone to generating artefacts, especially with bad or noisy first break picks (Zelt, 2010) and strong refractor curvature. Our velocity model (Zelt et al., 2013) causes diffraction of rays at basement corners (Figure 3(d) , at offset 80m and elevation -40m).
For a strongly heterogeneous overburden with physical properties varying on a small scale (smaller than one wavelength, e.g. unconsolidated soil), leave wavepaths wide enough to prevent WET artefacts (stationary engraving of wavepaths in the tomogram). Consider weighting of the velocity update with a Gaussian function instead of a Ricker wavelet, in each wavepath volume (Figure 2 ). Gaussian weighting can produce more focused tomograms for wide wavepaths, which can help for an inhomogeneous subsurface causing strong scattering of first break energy.
At offset 150m to 250m, WET images the fault zone more clearly and deeper with Gaussian weighting in Figure 2 (b), compare with Figure 1(b) . At offset 80m, the vertical gradient is resolved better using Ricker wavelet weighting in Figure 1(b) , with the velocity contours more closely spaced at the top of basement (elevation -40m) than in Figure 2(b) . Also, the dip of the fault zone is resolved better in Figure 1 (e) than in Figure 2 (e). Alternatively increase the WET wavepath frequency instead of decreasing the wavepath width. Start at 50Hz and increase to 80Hz, 110Hz, 150Hz, 250Hz, 350Hz, 450Hz and 550Hz. Use Gaussian weighting for more focused tomograms. Leave the wavepath width at 30% for all runs. Output after eight WET runs with a final frequency of 550Hz is almost the same as in Figure 2 (e).
The root-mean-square (RMS) of the misfit (between modeled and true times) after eight WET runs is lower when decreasing the wavepath width (Figure 2 ) than when increasing the wavepath frequency. Gaussian weighting is flatter for a wavepath with a width of 3% at a frequency of 50Hz (Figure 2(e) ) than for a wavepath with a width of 30% at a frequency of 550Hz. Flatter weighting makes the last few WET runs more robust.
We use the same synthetic picks with added Gaussian-distributed noise (Zelt, 2010) for all WET runs. Watanabe et al. (1999) propose to apply frequency bandpass filtering before picking first breaks, for inversion at a particular frequency.
As shown in Figure 4 and Figure 5 , layered refraction interpretation is non-unique due to mapping traces to assumed refractors and lateral smoothing, required for refractor velocity estimation and time-to-depth conversion of refractors (Rohdewald, 2013) . We match the low-velocity fault zone better in Figure 5 (station no. 65 at offset 192m), but we image the basement refractor too deeply at the basement step (station no. 30 at offset 87m).
The maximum basement velocity may not be well-constrained by the first break picks for refraction profiles, e.g. for steep synclines with the seismic line not laterally extending over the syncline's shoulders (Palmer, 2010) . Limit the basement velocity to realistic values in the default 1D-gradient starting model and during 2D WET to prevent artefacts and too deep imaging (Rohdewald, 2006; Rohdewald, 2014) .
Picking at larger offsets is usually more difficult, because the signal-to-noise ratio normally decreases with increasing source-receiver offset. Resolution of refraction tomograms decreases with increasing depth below topography since rays are aligned predominantly parallel to each other at large source-receiver offsets (White, 1989) . Use uphole shots to better constrain interpretation of surfacebased refraction shots with improved angular coverage of rays and wavepaths (Rohdewald, 2008) .
Besides showing the resolution limit of one wavelength (Watanabe et al., 1999) , WET blurring also can show the uncertainty caused by bad picks, recording geometry errors, uncorrected trigger delays and out-of-plane refractions. The lower the signal-to-noise ratio, the wider the wavepaths should remain. Ray-based tomography methods tend to overfit the data and often generate artefacts (Zelt et al., 2013) .
Conclusions
We have shown how to improve the resolution of P-wave velocity tomograms by iteratively decreasing the WET wavepath width. We have compared weighting the wavepath velocity update with a Ricker wavelet vs. weighting with a Gaussian function.
Plotting 1.5D Plus-Minus refractors on the WET tomogram can increase the client's confidence in the subsurface model and allows interactive adaptation of parameters, until the layered analysis matches the 2D velocity tomogram.
Layered refraction modeling is non-unique and subjective due to mapping of traces to assumed refractors and lateral smoothing, necessary for refractor velocity estimation and time-to-depth conversion. WET interpretation depends on the maximum allowed basement velocity, which may not be well-constrained by the first break picks.
Tomograms obtained with an iterative approach of wavepath adjustment show improvement compared to the standard ray-based approach.
